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SUMMARY

This report discusses the repair of impact damaged graphite/epoxy
composite laminates. The behaviour of delamination damage under both
uniaxial and biaxial compressive loading is examined and the predictive
capabilities of several fracture parameters are investigated. Based upon the
results of this analysis a simple repair methodology is proposed and compared
with experimental test results.
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1. INTRODUCTION

C rapl te/epo xy l( cmle~ st sI have 13011 adlvan ltag,g' fo r i151' 3(5 tm-11 aIiia ('alrid Is ini

aircraft. includingitheir flornilality. high specific streulgI hll tiffnecsNcitu&'t~cak

ing by % fatigue loadling andil their imimiitiity III corrIsiiiii. .\liar fruom Irpiodiing ligler.

compilaredl with t hiose mntifacturell fromu ConIventiol ~l Iiiliiiiii alluo.. A\uslia all ill-
terests iii grapliife/epoxy comuposite aircraft striwfires, are fI (115ll I till' 11 lagi-i

support of tie \IcDonhiell-I)Iluglas F/A- l8 for the lHIlyil Aun~ aliati Air Force. A\ dal~dj~
review (If damwage tolderance from11 the A list nhal i int (If \Viev is gi v(' I ill PI].

;r a phi t C/epl) Vcl lliplI'i tes. wileI hav inig thle abv III v ant a1ltd~s. are pini I to~~ I a w ill''

range oIf d efect s andi I dainuage whitch Iilnay signIific anty IS diw ie*' '51 ii l ,t rongthI [2-(;]. of
the variolus type(s (If dlefect,. llelalliiationIs (i.e. single lor Ilhlltijle iInt(rnltI crc wVhtII l

plane., are parallel to the surface (If a compoIIInenlt) [7-9] a(ris.ing inl 'ervicv' ah r l~l~
tle illost insidiouls because thley call cauise reduhctionl.s iln ('(Illre..sivc st reniI (up tol

oIf ulndlamagedl strength [10-il]), and are dhifficult t1. (let ect . l)elainiiuatilats may (Im(l( p
during service due to the presence oIf excessive interhauuinar shear stress.es or through-the-
thickness tensile stresses at holes, free edges, iii tile region (If section changes and bolnd~ed
joints. However, the most important source of daniage is from impijact. Such damnage canl
occur from dropped tools or from stories thrown up from the runway. While impact canl
cause a significant amount of delamination, often the only external indIication is a very
slight surface indentation [12,131. Tis type of damage is frequently referred to as 'barely
visible impact (danmage' (BVID). The problem (If BV'lD is of particular concern because
tile damiage is unlikely to be discovered uinless thle region is subjected to nionl-destructive
inspection (NDI). Generally, tis emiploys ultrasonic procedures whlen BVID is usually
readily detectable. However, unfortunately, miost routine NDI is likely to be coined
to potential hot spots such as critical joints. Frequent full scale ND! is costly and tinie
consumning.

It is highly desirable that procedures are available so tllat the possible occurrences
of delamination-type defects are allowed for in the design and certification of composite
aircraft structures and in the developnment of approaches for through-life support, to
provide a rationale for setting inspection intervals, particularly for highly stressed regions
and also to provide repair/reject criteria (14.15].

There are two possible methods for repairing this damage. One approach is to remove
the damaged region [16-181 and use an internally bonded repair. Tis is very effective,
but requires extensive bonding facilities resulting in a significant period of non-utilization
of the component. An alternative approach is to increase the strengthl by reducing the net
sectional stresses. This can be achieved by placing an external patch over the damaged
area.

In this report, two fracture criteria, the strain energy density 11" proposed by Sih
[19], and the recent T*-integral proposed by Atluri [20], are applied to the problem
of a composite laminated plate with an impact damaged fastener hole repaired with an
externally bonded patch. Tests that were conducted to substantiate the numerical analysis
are also described.



2. THE 7' APPROACH

Tll fracture criteria to I .sed iil this sludy are l-iiiegial ptrop.osed Iby Aulhri [20]
aitld the iraii elnergy elity alplproach decwlojaed by Sill [1]. The I-integral approach j

ill Ibe presented firs. l

The original formutlation o f the )ailh-in,1c piden I- nt eral. a, reen lt I 1. Ilice [21.22].
is given lby:

I=I

vujleu'e F' is an. dt',st., p~ath .urron di t, il l( h <rackliiP. it, i%. lic omnl,,nent ,f Iliv" uu1il

1 l'inial to t11o path in tlie .1i d 'irection. 1i is. tIl Iacliln \vchlnr It,,ll' as 1, - /P .all. I. i,.

Ilie di lacemient \'ri ior and It' is IlIe Stralil e l' y dc.i y ,h'il' d ;1-:

2I" = - -Iii ( '- '1) - oijfij (.l - .Il) + CIU(. .11) (2)

where (ijkl is the stiffness tensor, 3ij and Qi, are related to the coefficients of Ithermal
and moisture expansion and C1 is a fuction of temperat ure and moi'ist ure.

li this analysis we evaluate a modified forii of (he i-integral, which is defined as T'
[20]. and where:

'r = il f (WmI - Iiiii.1) ds (3)

Here the path F is a vanishingly small distance from the crack front and in three
dimensions must be normal to the crack front. An important characteristic of T* is that
it is evaluated near the crack tip while the traditional J is really a far field parameter. In
fatigue crack growth, this distinction becomes significant since reverse plastic deformation
can occur upon unloading. Since T* is evaluated near the tip, it is claimed [201 that it is
able to account for the near tip effects while J cannot [23]. In elastic analyses, IS is defined
as in equation 2 for both T* and J. However, in the analyses of composite delanfinations,
it is important to be able to account for local fracture events along a three-dimensional
crack front. In elastic analyses, for a through-the-thickness crack propagating under Mode
I fracture in a self-siiuilar fashion, J (=Th) is equivalent to the classical energy release
rate G, which is defined as:

OH 1 lOf
G OA BOa)

where OH is the change in potential energy per unit thickness of the system and Oa the
increment of crack length. When measuring G experimentally, equation 4 is often written
as:

P2 dc G = -- -- (5)
2B da

where P is the applied load, c the compliance as measured by movement of the load points,
and B the specimen thickness. However, for three-dimensional delaininat ions, the growth
is usually non self-similar and therefore equation 5 is invalid. Furthermore, equations 4
and 5 are global quantities and do not provide information on near tip events such as
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local crack closure. For t hese cases. mieasuretments of comtpliainces, do not yield true valuecs
of file crack tipl energy release rates. see [24].

Several att emtpts have bieent miade toi expand filie definition of enoc ry release rate in
equation I1 to incluide thlree-imeineisional crack growthI effects [25-27]. Tlhese have restilteil
in variotis volume integrals. However, in order toi evaluate these Foirimulatioiss using finite
elemtenit techniquie, a prior kniowledge of the nature oftilie crack growth and tile shape oif
lie crack fron li s ntecessa ry. I resenilv. t hose foirmutllat ion. ht iave I ee it atpplied successfli Iv

(oit1 to spe III Ie IIS of sittIIple geoctIIlet r te [28].

ITe ess 1.1,t i ifsol1f-i iilar icrack gi. wil i ifsill itt ilrillit ill thI hi t(galotieaii ll ltlil~ l h s il llltl,)liilc -cc orI r v- I14,1, o i'lam l ( 4 e ailll litl
g i it call Iit 'id IlialIt- 1i iitt f miuiiiite k p~i.~gil t chug Ilie tak frtti

Iltire is siuli ui.a I c l IF-sin iil i I. tIieattlittg. tat I~cll. Ilic iack fint man

piaal Id. hletice the *1 %i ciegral 11ia.v I" 1 1 i llft iii i lii ileg il f lia~h i t 1111(1 m k
giiuuut It d till "in iatling thuv vtmuk iitiati~ (id .\I \1 1 ilit it han 1 the uusliuisi

Iiicul uiaxiltii crack gruwtili. 7I ;il( ,ilier siiiluir appn-aulis ialii,l i hei ;Ii g,, Ill
lo cal ehter-gv release rate.

\Vatatilat [29)]. lThis ititgiutl. w\hich we-( will leitut', ;is Il,. it l ,\iO firs li 1 l
lie e'xprtessioni fini I l

3. STRAIN ENERGY DENSITY

Ini the straiin energy density appuroachi failure is assiumted to occutl wlilie availalile
energy identsity lU0 , at a distatnce r(, itt friint if thle delatniliatiott ill th Ii iirectiiiii of
growth reaches a critical value IV_. Thie value It. is depetndent bh o i the tI-allies of
Cu(11 f 1 + f22' + 13%3) anld 4.1, t ilo chatnge of area per un~it area.

For t horniotichattical prioblemls

lilt = - filjolj (T - T0) - -ij:ij (M! - .11") - IVJ (7)

where aij and k,,i are the coefficients of thertual atti moisture expansion respectively.

As shownt iii references [2,31,321 the strain energy density approach has certain ad-
vantages over the energy release rate approach. This relationtship between this criterion
and the other failure criterion was discussed in [24].

For self-similar growth both approaches give residual strengths itt good agreement
with experimtental results [9,31,32). However, for nomt-self-similar growthI energy release
rate concepts mtutst, he used with caution.

It should be noted that finite element studies have shown that for delaiminations in:

a) coniposite laminates,
b) at step lap joints, or
c) at mechanically fastetied composite joints,
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a stage is reached after which a significant increase in the size of lte damage does not
significantly reduce the residual strength. This significantly simplifies thle methodology
for estimating critical damage size.

4. THE FINITE ELEMENT MODELJ

The prolemi chosen for It ' is comiparative analysis is similar to that uis~d in~ [32] as a
benoch mark pler m to d comC upare thle pretdictIive ca pa bilities of PI an e110nergy dlensitIy. flotw-
ever. with lthle purchase oif thle F/A- I8 In' lte Royal Australian Airforce (RAA F). attention
has been focussed onl thle use of AS'I/3501-6 rather than the T300/5208 graphite/epoxy

which was considered in 132]. For this reasoni thle presenit ilnvestigat ion will use t he lie-
chan ic a prope9tieis corresponitling to A S-I/360 1-6C.

The probldemi co nsidered was al im ipac t diatmagedi lamtin ate withI a faste ner hotle lo atded

undoer compilression. Thle dimensions oif tlie model are thle samte as those uisedl in thle
experien ta lI wo rk of 13:1). Thle struet ure moa dlleI in thIi s ati alvi call be seett inl Fig.
I au ti Ile f init e element mi eshI fo r I he liiirtpai rot and1( repai ret c ases. c al ie t seeni ili
detail iii Figs. 2 and 3. T[le specimen anialysed was a (0/45/02)/ - 45/0.,/.15/0,/ - 1I5/0),
AS-li 350 1-6 graphite/epoxy lamninate and contained a centrally located hole of 9.5 mint
diameter, surrounded bY delaiuat ion dlamage duie to imiipact and poor drilling.

Thue ole utie uts used wtere it ist I two it -nod t ed iso- pa rametric elemnon ts with Ii rec tion-
all :y retducedl integration and( 2 x 2 x 3t Gaussian qiatrature points. with the :3 poinits

I eiitg takeni thlrotigh tle ply t hickness. l)et aileil description of t ie reduced initegrat ion
scillet call be ftuild inl [1]. [lie crack tip elemients alottig lte circular tliaiiinatittn were
lift 'i iitttitleI is.-ttaItai-ieicn wedige t'It'iicts. [lie finite clemtenit modeol conitaitied 2.7(;3

2 s vK letittis anit luad 7.6 It deg"ree' ()f fnevedttil. ltest lailtl were applied lgtlt'
tida i t' "st t, as t1 t a-itve iat-ititt' levils orflicstuai lit nejtnest'uiatk i i't fl a al st ttii' ile.

Thflit a una!iltigi' arotulti lit' fasit'itt' lt(,it' was mllc iet a a cirtitial tilauiutl lio

(if ratlitis 13.75 mini ietween thle set-tint andtir pu!1 lies (i.e. itewel't t lie 1.-) alit 00

1 tht's) [12). flu5 i. k ian itirttximiatt' siililatittl ttf tile ititia a! tiag(' wheire it wa, ftiiuild
frtomt 1ilt rasituic (-saltigthat thle itnitial tielaiitiatil was iit'adiv (-iniilni- [:3]). This

t"lill ttitti is fitulher vernifiedl ili sect it ii ).

trit' tr frttiui ienaltili[32]. whtk lttrist imaiiitii~si'a 20 piii t ills layi 1't 11 alt''.

mmatetl face wih iave ivilletI. llttwt'ver. a itulki l t' ler 1in wlit't'ait iic cii Id ilit li

letitl ('as1 ith. liii pstitlfc wttn0k tise littiiiil'ar \S i t/-'itit;'itt it lliti 'll tttlt'o tilt

examintting fes olios ( the ' i la liiit. Ntuit'ar galit 'lt'ii si't tllt' Of Ill'tit'"s .lf

if slit' filk is smt it) a largte iiutiittr thlnrelty. siotttig t lit' fati',s frujit i-t'riaptltiig. 'lii

rt'siilt, ill alt iterativeoliui iroce.oss with alli inicrea-se ill cttuttintt'n limet'. biti 0wu ht

tlI\Alll age' tf Iteing fullyN auituiated aitt reqlitiritig iltt initial knotwltedge' of t lit regions itt

.1



local crack closure. A compressive load of 150 kN was applied to the ends of the model
in the x-direction (see Fig. 1) and to investigate biaxial effects, a tensile load of either 17
kN or 0 kN was applied in the y-direction.

To investigate the effect of repairing thle specimen a 12 l'y (0/ + -15/0,/ - -15/0)s
lamninate was used as an externally bonded patch covering thle (laiagedl area. 'Hie
jpatcl contained a hole to allow for the possible insertion of a fastenier. To evaluate
fastener/struct tire interaction efctsI thle c(.nditions applied to thle hole were chose., to
represeint:

1) Ani open hole.
2) An interference fit fastener.
3) A bondedI inusert

5. FINITE ELEMENT RESULTS AND DISCUSSION

For each configuration the value of i' and It' wa~s coii1 nited at each ntode around(

the c rack tip. as was the local in iiiumi of Wd,. w hiclh in each case co rres pone )t( t he
lo(cal mnaximnumi of Ad, so as to enabIleI a coinplarisoni of thle t hree niet h sl,.A souininia rv
of thle mnaximumi values of P,. U,,. IV( and tilie correspo ndhing valuie ofrl i.s given ill

Table 2. The angles, at which thle respective inaxinia occur, which are referred to a-'O
and Oil are also shown.

The variations in filie thlree frac utre pararmieers aromid the crck Front are.shown ill

* Tables I to 8 (see Fig. 4 for nodal posit ions). which give tile valuies of 1'. ~ alm IV,1
at selected points. The variation in W,,,, is simiilar to that of 1". [lie two plies aboveI
thle del anin fat iotli move out of plante, i.e. crack opeing anid/or closuire. For a!l of flie

cases anialysed(I his out( of platte ioveliieit was nltoi-sylliiiietric (see Figs,. 5 anid Gi). Thlis
asy mutiet ry resulIts in t.he asy inniiet nc grow th of thle del aiiinat i( i whIichI is c( (tsis tent ithiI

('-scan and t herial eninfission mieasuremients. see[t]

The results of this atialysis suggest that:

I1) Load biaxiality has a marked effect oni thle fractutre paraitiet ers and hetnce onl tilie
failumre of st ruct ural comnpotients. The fractutre p~aramiet er 7- is less afrect ed by

load biaxiality thian is iand a W1ih.

(2) For all cases considered t lo catin of filie t maxii in v aIutes, of bo~thI pa ramiet ers
were siimiilar.

(3) Whten the patch material has the samte stiffntess as, thle p~areiit lamtinate tilie redoc-
ions in P'. iWa, arid llIt can be estinmated by miult iplying thle v-aluies correspnding

to thle umrepairedl st ructuore withI thle square r lite reduction inl tilie net sectional
stress. This infers that the residual strength of a rep~aired strtuctuoral comptlonent
can he estimiiated by the following simple formulae:

Residuial St rentih I (repaired) __ I( uiirelpairedl

Rlesidual StrengthI ( iiirepairedl) - l(repaired)

twhere I Vis lie emierpgy deuisiliy in filie Iamoinia te in filie regio if (f ilie paltcli. WhIi lt
this fliritilae call accoiit for itiultiaxial loadlitig. ini tile case for a liniiaxial load it
reduices. wheni the p~atch has tilie saiute effective tioduhli as, tile paret laittituate. to



Residual St rength (repaired) _ ( unrepaired) (8)
Residual Strength (unrepaired) a(repaired)

Tile energy density in bo~th thle repaired and the unrepaired structure call be
computed froin a knowledge of stratin gauge results before and after repair.

(I) P'rohliil i g local bending at the hole had anl insignificant effect onl thle fractulre
p a ram eteCrs. ilbwever.,prohibit i ug in-plane miovemien t aml lo1cal bninC1(11g redlucedI
7 whilst nlot reducing IU., and' increasing W(. T'his reduiction in T wouldI

correspond to anl increase in thle failure load of betweenl I I to 1(;(/.

1'idike 7T% 
1

'I was essentially unaffected by this rest Taint. :\. a result . experi-

mental results are required to evaluate thIis% effect flirt hIm

(5) Lmiergy density t heory predi ct ed that fo'r mo' st cases Iaiige gro wthi wou ibe

tpredoiinuiiait ly ill-pllane.

6. COMPRESSION TESTS

[I e exPerimemital wo rk focused on tdie use of an ext ernally I,. ned retair to reduce thle
net sectional st resses. Static coimpressive tests were conducted on c poiepeiieslo
,Iiow that p~rovidIed tie global beniding is r .trained. thme increase in the residual st rengthu
canl be estimiated by thle following siimplle toriimila:-

Riesidual St rengthI (repaired) __a( un repaired) (

liesiduial Strength (unrepaired) er(repaired)

Two series of tests were ca rriedl out. Thle preliminary tests, were aimuid at developing a
test miethod~ology it) provide aim acceptable level of global restrainit. [Ilie, material used ini

these lest., Was conlsidered to be inacceptalle. becauise of its, inaility to provide validt
s anl res Imlt . thle reby' renmdIering thle resmi Its un accept ah I 'I' [e met hodoIlo.gy dIevelop~edI was
thien used to ulaim failure loadl/strain data for unrepaire'l and repaired test specimens.

Three impact damage sizes1 Were chosenl. Ini each case I lie dlamage wi.s anticipated ito
lie onl tilie fl;t or near tflie flat part of fle residual st rengthI versus udaimage area ciir~e (see
Fig. 7) [31.

7. SPECIMEN FABRICATION

IThe graphite e p x. imate(ri al uised thiirou.ighou t thlese te(st., was :\ SI /315I- ;, [lie

paremnt material w'as laidl up in ,heets of :I0omimn x 9tj0iimin. with a 1)1. coimration of

Befo re thle specimens were cut from I lu-e panels. thle panelis were -canmici to de-
t'-rmiin'- the void content of thle miaterial. "Iwo ilifferewi sizes o.f specimen, were cuit. Thel(

-iiialler 'preiiuells were uised it) d.evlo p t lie I est met hodo. 1. g . whilst thle larger stpecimlens
11,(rei-e f.'r thev niami svri.-s of tests (%ev Fig. 8). Ihile wor'king, gaulgo leli-ihis of ie i~ko

i/' o 'w~imi'nwere ltimu i' 5limr~,c v-v



Each specimen was impacted withI a 1/2" diameter ball bearing with a liass of I kg
and from a height of 1.3m. The impact test rig can be seen in Fig. 9. ie speciliieiis were
placed between two thick steel plates; with holes

drilled to the size of damnage required. The absorbed eniergy was calculated by differ-

encing thle initial kinetic energy and the rebound kinetic energy. A laser located on the
bottom right hand side of the rig (see Fig. 9) was triggered wh'len thle imipactor Cut thle
beam. The initial art(d rebound pulses were recorded onl a dligit al oscilloscope (N 1(01 ,E'
2090 1\ODFI, 207). The data was then analysed by a l11' 9816 computer antI a typical

pldot of tinme ve rsusi 'list alce is sho wni in Fig. 10.

or t(lie' speimen ulise ins t( lite pre~liin tary Smt of tet. lite hlte s hamne to of the siel
rest raint plate, used inl the imlpact test rig. was 30mmiu. For thle mlaini test serie.s a range of

hole diamecters used were namely 20iiin. 30miii and *t0uimi. A sunimarY of lte absorbed
energies calli be fouin d inl ']able 9. ThIiis Tabl te a lo ou tli nes which specimeni it'l ere ret ai ret
or left unrepaired alltI thle average damage area createdi by thle impactorf.

Each specimen containedl a Giii diameter centrally located bole, simiulat ing a fastener
hole, as was previo usly aiia lysed. Th le hiole was dIrilIledI using a I ia IiIiii' -tipped co re dfrill
and was cooled byv water, rest rained by a plasticinie dami.

All specimens were subjected to a (-scan of the imipactedl area. 'lhle damage size canl
be approxinmat ed from Ilie ('-scan results; a typical (-cnis shown inl Fig. 11.

8. REPAIR FABRICATION

In order to validle thle sinmplle diesign rulde Ipre~ii isly*N poist ulatedi it was req u ired that
tile effective stiffiiess and ply configuration of thle pal cl be representative of lthe parent
mat erial. 'Thle iiaterial used for thle p~atchi was AS-1/350 1-6 and was 1 6 plies ti ck. withI
a ply configuration of [0,/ ± .15/ :F -17/0,),. [lie ends of tilie patch were scarfed as shown
inl Fig. 12. The lenigthI of the p~atchies and dIistance to edge, of the grips,, for thle two series
of tests were 80mm, t1imim and 19Omnii. 60Oii resjtectiely.

The patchies were bonded to the pare'nt laiirate uing thle cold.sti hug acry lic ailhivt'v
F I.EXON 2-Il. [he adhesive was clii er for its shear st renigthI. ease of apptlicat io n and
becaulse environment al effects were noi t anl issii( iii this test series.

9. TEST METHODOLOGY

Data froni thme tests were acquiredl in two ways. For thle ptreliimiary tests, displacenient
ranmsd ucers were bond ed onto file s pecimliens andii a plo1 t of lotail versiis di spl aceinent was

otiaimnedi. ['or the main series, of tests, it was decidedl that far field strain gauges would

ptdii(e more us~eful data. The gauges shiow the( average far field failuire strains and also
indicate filie extent of btening Ii thit speciiit'ns.

Four strain gauges were bonded to each iof tile iiireltairedt slCciiietis as showni in Fig.
1:1l. whilst each reltairt'i specimen hail two strain gauiges located ilte patched side As
also sliown in Fig. 1:3. Ini each case tlite gauiges were I l0imu from tile edge oif the 1 olie.
[His mleanti that both ile repaired and II)repa ireil speieciens. hadl gaulgesN [iCatei in tile

0alf ololI~ak 4 14 oe



An IIP 9816 comlputer program was written lio acquire the ,train realiilg . r noe of
approximately 3 to 5 Hiz. The program allowed the technician to scan the strain gauges at
particular load increumenits or cont jiously. After thle test, the (dat a was stored onl a flopp~y
dlisk such that it couild lhe analysed by the laboratory's main data acqunisit lol programi
(:38].

InI order to achieve the required level of restraint in the specimen. anl ant i-buckling
rig had to be used. Preliminary tests involved thle modification of this rig until thle finial
formrat was reacheid (see Figs. 1-1 and 15). The edges of the specimen were rest rainied by
four bars. with a ftirt her four cross bars couiiect~d to these bars, anil thle anti-liuckling
rig. in orider toi p~rovidle the required biending rest raiint.

lII thle p r ce'ss iif deveblopinig tilie test rig it w~as no t ed IthIat, wheni t est iig the repai redI
spiecimienls. severe biendling occiiurei due to thle shift in lie neut ral axi.s oilie to thle patcli.

'')all.evi ate t Iiis priobleimi. all patcheid specuies were tested Ib ac k to bauck. Te spec imiens
were separated bY anl aliiinim n spacer withI a cut out region. i.e. a winidow, the size of

le wiorkitng area of tilie specimen and withI a 5mm st rip down each side (see Fig. 16).A
winidiw was used so that local bending of the clelaniination area was free to occuir (see
.Sect ion I1). It was t hiought t hat rest rai ninug the del ami nat ion from (opein rg would resulIt
in anl unrealistic stiffness reading. Two repaired specimiens were t hen bonded to eit her
.side of lie spacer withI anl Araldit e epoxy . This was bhought to aiih in lie load transfer
priicess froiitlie grips, to thle specimens. This test configuration prevented global ))endling
oif flie specimlenis whilst permiitting liical bieninig of the delaiiiinateil region.

Mhachiine. Thie loading rate for each specimuen was 20 kN/iiiiin. 'I'li. loads arii strains, were
recioirIedI coinii un sly iii thle preliin nary tests usintg anl x- ploitt er. In tile miiai n series of
tests recording of tilie idata w~as doinie at load increments of 10 kN. ( ontiniunus scanning
wa.s activated at 17(1 k.N for thle unrepaireil specimens anil at .400 kN for thle repaired
spec'imiens. All specimiens were testedl to failure.

10. TEST RESULTS AND DISCUSSION

Thie pireliminlary tests priivided valuabile inforumat ion oun variouis aspects of ciimrposi te
comphI ressivye testin1g. Thle mio st not ic eabIle problemH was tile global beindIi ng if tle speim ens
in tilie test rig. A.\fter several modiificat ions to the ant i-buckliiig rig global bieniding was
ti iii iiei I resulItin g in tests representatIive of a st ruc tural com pontenit wh ichi is essent ially
rest rainieid against out-of-plane biending. Miiinimal global bending of dainageil componients
will always iiccur. duie to thle non-syninietric nat ure of imipact damage in coniposites.
Furthiermitire. for specimiens with nominally thle same daiiiage area, or absorbed energy,
the( level of in tra ply c rackinig is unlikely to lie ilent ical.

(2uality' ciintroil iii the iiaiiiifact tire of coitpiisite material is another pirobilemi which
was enicoiiittereid. Several iif tilie panels received hail significanit t hickniess variat ions re-
sniltitng in resin rich areas anl resin vidi areas. h~arge variat ions iii absorbed energies were
seen Whlen itmiiipact inig specimi ens mia nufact ured friom t his mia terial . H1owevyer, even t hough
hli *haXd miaterial ilid not produce validl (-scan results, the average failure strainm; were

-1 X higher thaiifthe 'gioiod' iiaterial.



In thle main, series of tests, all sp~ectimtens, e.xcept two which exhibited extltt.t'i bllott-
iitg. produced load versus. st raini curves wich were essenitially linear to failuire. Thue
failutre st rains f ir each specimen cal be i foutnd i ii Tale 9. The failutre st ra Iins follow (hle
asymttic nature ouitlinedl ill [37,.10] antd a prlot of residual st renrgth verstis damtage area
canl be found in Fig. 17. For a given udaimage size the different fortms of iiterrtal datriage.
(fle to implact. Were reflected iii a slight variationi iii the failure st rains. The experriments
were CnducIticIed Witli tilie testinug mtacinte ill lo ad co n trol . lThere was a l ime de'Ilay I efi uc
the machine released the load. This resulted iii extensive dlamtage occirring to tire speci-
nmens (see Figs. 18 anrd 1D). Thie ptatchres aind adhresive h~otd failed after the failure of the

p~arent lainat e.

Threfailuire load ofthle repaired specitten carl be p~redlicted (see Table 9) using eqitat ion
7 andu requires ontly a knowledge of tilie minrepaired residutal st rengthi anid the change itt
net sectioinal (tese file to p)atchinrg, The change in net sectional stress canl be readily
calculated front tile change in net sectiontal area. -]'lis result is believed to siustanrtiate
thre trends predicted in thre previous chapter anid signrificantly simpljifies tire repair design

philosophy.

It was shrowin in) [10] tfiat, a stress redrictiori of 10'X cart lprodrtce a 100 fold change
in life. This redluct ion in stress can easily be obtained uisinig air ext ernal patchr. The rise'
of air external ptatchr iret hod avoids the requirerment for compldete reto.i-al of tfile dairrage
area, resulting in speedier anrd simiple'r repairs for in-service st ructurral compjornernts.

11. CONCLUSIONS

Tis paper iras p~resenited1 a reptair noetliodobogy thIat cart be used as a qutick first
approximration to field rehpairs of impacted damtaged comrposite st rurctutres, Thre rise of
externally bonded patches has thre advanttage of beirng easily anrd qurickly applicable. lit
certain cases, tie existinig internal ddeatiiration darrage dloes rrot have to be reiriovetl.

[lite analyses reveatled, after close exainratitt of thle stresses anrd chanige inr voltrir

a ronrd thre crack fronrt, t hat tire dotminitanit mrodie of failurire was %l od e If. As seen in [101.
Mode I tests p)rovidle more consist ent %-allties of enrergy release rate thtan thIose (11)1ainienl
frorm Mbode II tests. This infers tlrat additiotral research is reqjuired to frilly unrderstanrd
thre imnplicatiotns of uelaitration failtire by %lMode HI.

T1hle p~rese~nt anialysis hias re vealed t Iiat lonad I iaxial it y has a itmarkedI efifect )t thle
linear-elastic fractutre p~aramieters. This infers a correspounding effect on residual st renigthI.
Given the absence of experirmeirtal ndata ati expierimetal prograirt to verify thIis predict ion
is necessary. It is also cornjectuiredl that whenriisitrg art externral[)- bonded reptair out I hrick
supported structutres, tire increasc itt t It residual st rengthi is propo~rtionral to tire redtict ion
in the net sectional stress provided t hat tire rep~air is of simiilar effective at iffiress.

Tire p~atchedl speclimenrs 4 artd 5 had vastly diffecreirt absorbed enrergies arid tire patcites
were no t exactly iii litre, thierebry i tndIucinrg extenrsivye b e undinitg irear atnd ipl to failutre.

9
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Table 1: MECIIANI(AL PROPERTIES OF AS4/3501-6.

El[ l E,, E33  t,12 G 1 (t3

I(MPa) (MPa) (MPa) (MPa) (NIPa) (NIPa)

128.200 13,800 13,800 0.3 5.857 5.87 5.85

Table 2: SUMMARY OF T*. IVd, dI,,,,. AND lt

Case P* OT Predicted d1',,. it"". il- Predicted IItt Predicted

IWN 0.0907 300 1 f- 0.00 126  0.5176 3001 0.0503 --

2UN 0.0901 .300 - -0.00125 0.5175 300 - 0.0508

3UN 0.0687 450 - -0.00118 0.5194 300 00648 -

IUR 0.0471 03 -0.00121 0.2672 30 0.2300 0.0272 0.0224
2UR 0.0470 450 0.0400 -0.00119 0.2673 300 0.2300 0.0274 0.0226

3UR 0.0376 450 0.0305 -0.00113 j0.2693 300 0.2308 0.02&M 0.0288

IBN 0.1390 300 -- 0.00448 1.0753 300 - 0 .1160

2BN 0.1390 300 - 0.00447 1.0732 30 , 0.1150 -

3BN 0,O92 300 - 0.00358 1.0728 300 -- 0.1720

IBR I0.0669 300 0.0618 0.00290 0.4968 300 0.4779 0.0561 0.0516
2BR 1 0.0669 300 00618 0.00176 0.4968 300 0.4779 0.0551 0.0511. 00 _ _ 000478
3BR 0.0514 30 I 0.0441 0.00236 0.5025 0.4768 0.0790 0.0764

(ase Description: I - Open hole. 2 - Interference Fit Fastener. 3 - Bonded Insert

U - Uniaxial Load, B - Biaxial Load. N - No Repair. R - Repaired.

Table 3: UNIAXIAL P RESULTS AROUND THE (RACK FRONT.

Unrepaired

Node Open Interference Bonded

Number Hole j Fit Fastener I lnsert

36 0.0889 0.0887 0.0687

526 0.07 0.0901 {_ 0.0666

528 0.00835 0.0065 0.0310

49 0.0358 0.035.5 0.0161

531 j 00007 0.0013 j 0.0043

533 0.0270 0.0264 0.0215
45 0.0334 0.0328 0.0258

j



.Node open Interference B~~c

Number Hole Fit Fastener Insert

36 0.04 11 0.0470 0.03761

5126 0.0467 0.046.A 0.0366

5128 0.0076 0.0648 0.0179

419 0.0 12.1 0.01 231 1.X)

-331 0.0003 0.0 139 0.(0)73

533 0.0117 0.0151 0.0122

45 0.0170 0.0 169 0.03 31

Table 4: BIAXIAL RESU7LTS P* RESULTS AROUND THlE CRACK FRONT.

I )Prepaired

Node f Open Initerference IBonded

Nunmber Hole Fit Fastener i Insert

36 0.1090 0.1080 1 0.0918

526 0.14390 0.11390 0.099-2

528 0.01.49 0.0178 I 0.0378

49 ! 0.0502 j .490.00r,

531L L0.0351 U 0.0351 -~0.0372

533 0.0587, 0.0582 0.0-330

45 0.0683 I 0.06,26 0.0527

Repaired ( Patch (O.+45,02.-45,O)s

Node f Open Interference fBonded
Number j Hole Fit Fastener Insert

36 0.05-54 0.0553 0.0470

526 0.069 0.0669 0.05 14

0(.0077 0.0095 008

49 0.0 2 8 j 0.0208 -~0.0025

531 0.0147 0.0147 0.0163

533 0.0271 0.0267 0D0 189

- . 0.0279 0.0278 0 002 5

.... ..... I.



Table 5: UNIAXIAL W,,, RESULTS ARO1UND -THE (RACK FRONT1.

1'nrepaired

Node Open I Interference Bonded

Number I Hole Fit Fastener Insert

190 0.561 0.5065 0.4017

660 0.5176 0.5175 0.519-1

662 0.30412 0.30:16 0.2965)

666 0.09167 --- 0.097,1 0.0981

668 10.1264 0.1257 0.1260

670 0.4879 0.4873 0.4944

664 0.5163 0.5160 0. 5 19W

Repaired (Patch (0.+45,02, -4.,O)s ______

Node Open Interference - Bonded

Number Hole 1 Fit Fastener Insert

196 0.2594 1 0.2597 0. 2655

-- 660 0.2672 -, 0.2673 0.2693,

662 0.1595 I 0.1-592 0.1607

664 0-~ .049 [ 0.0so01 0 .058
666 0.0659 0.0656 0.1089

668 0.2453 0.2451 I 0.2474

1 670 0.2596 0.2-595 0.2592

Table 6: BIAXIAL RESULTS WRESULTS AROUND THE CRACK FRONT.

Unrepaired_______

Node 1 Open Interference 1 Bonded

Number Hole Fit Fastener Insert

19 0.8848 0.8845 K.0.9318

660 1.0753 1.0732 1.0728

662 j 0.8333 0.8306 0.7870

664 0.4639 0468031

66 0.75 [ 0.7572 0.7584
68 1.0540 1:0520 j 1,0748

670 J 0.8968 [ 0.8964 J 0.9211



Repaired ( Patch (O,+45,02,-45,O)s

Node Open Interference Bonded

Number Hole Fit Fastener Insert

196 0.4074 0.4076 0.4267

660 I 0.4968 0.4968 0.5025
T

662 0.3766 0.3753 0.3676

664 0.2001 0. 1998 0.1971

666 0.360.1 0.3590 0.3583

668 0.,199 0.4988 0.5029

670 0.4192 0.4193 0.4238

Table 7: INIAXIAL W$ RESULTS AROUND THE CRACK FRONT.

Unrepaired

Node Open Interference Bonded

Number j Hole Fit Fastener Insert

36 0.0503 0.0508 0.0551

526 0.0421 0.0432 0.0648

528 0.0424 0.0418 0.0322

49 0.0472 0.0053 O.0079

5:11 0.0112 0.0115 0.0201

533 0.0339 0.0334 0.0319

45 0.0484 0.0483 I 0.0503

Repaired (Patch (O,+45,02,-45,O)s)

Node [ Open 7 Interference Bonded

Number Hole Fit Fastener Insert

36 0.0272 0.0274 0.0267

526 0.0209 I 0.0215 0.0283

528 [0.0212 0.0209 f 0.0170

49 0.0020 0.0022 0.0041

531 0.0059 0.0062 0.0112

533 J 0.0189 0.0186 O.0109

45 0.0263 0.0262 I 0.0268

L _ _ _ _ _ _ _

I 4



Table 8: BIAXIAL RESULTS IVI RESULTS AROUND TIE CRACK FRONT.

Iunrepaired_______

Node Open j Interference Bonded

Number Hole Fit Fastener insert

36 0.0496 0.0496 0.1010j

5126 0.0467 0.0476 0.17-20

528 0. 1160 1 0. 1150 0.0431

49 0.061 0.0639 0.0518

5:31 0.00-56 0.0066 0.0142

533 0.0626 0.0621 0.0OIS1

45 0.0749 , 0.0746 0,0574

Repaired ( Patch (O,+45,02.-45.O)s)

Node Open Interference Bonded

Number Hole Fit Fasten~er Insert

36 0.0-267 0.0267 0.04-76
- ~ ~ -- ----------- -

526--F 0.0231- 0.0235 - 0.07190

528 0.0562 0.0535r 0.0241I

49 0.0290 0.01285 0. 0 252

531 0.0013 0.0011 0.0090

5331 0.0321 0.07318 0.0247-

45 0.0375 0.037: - 0.0298



Table 9: RESULTS OF STATIC COMPRESSION TESTS.

Specimen Impactor Absorbed Damaged Unrepaired (U) 1 Failure Failure Predicted
Number Diameter Energy Area Repaired (R) Load Strain [ Strain

r(mm) (J) (nn 2 ) (kN) (ga ) (gt)

1 19.8 7.55 453 -190.9 -4503 -

2 19.8 7.59 453 U -213.6 -4680 -

3 19.8 7.96 453 T I-213.1 -4826 -
4 19.8 5.60 479 R -238.3 4993" -616,48 -23 8.1 1 -4993 *  6164I

5 19.8 8.21 428 R -2V.1 -499V -6164
6 39.8 7.84 4.48 R -6699 -616.1

7 39.8 7.88 458 R -289.3 -66N r -616
8 .30.0 7.46 733-4097

9 30.0 i 6.93 718 U -191.5 -4375 -

10 30.0 7.88 665 U -173.2 -.1305 -

11 I 30.0 7.54 761 I U -195.6 -4350 [

12 30.0 7.74 761 U -197 -4274 -

13 30.0 7.67 761 U -178.0 -4025

,4 30.0 7.66 800 R -233.2 -5293 -5593
15 30.0 7.35 800 R -233.2 -5293 -5594

16 .30.0 7.45 739 R -227.0 -5554 1 -5594

17 300 764 704 I R -227.0 -55 5947.6____l-__74 -- - - --- --

18 39.7 6.25 1252 U -178.5 -4061
19 39.7 5.76 1252 U -204.0 -4445

20 39. 7 5.87 1252 1U I -180.9 -4090
21 39.7 I 7.83 1385 R -237.6 -5337 -5512

22 39.7 7.58 1212 R -237.6 -5337 -55.12
23 39.7 7.70 1290 R -222.3 -5090 -5542

24 39.7 7.59 1120 R , -222.4 -5099 -5542

• Specimens exhibited extensive bending prior to failure (anti-buckling rig was distorted)
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FIG 1: DAMAGED HOLE STRUCTURE.

FIG 2a): PLAN VIEW OF THE FINITE ELEMENT MESH.
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FIG 2): CRS-ECTIONA VIEW OF THE UNREPAIRED FINITE ELEMENT MESH.
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Patch

FIG 3a): CROSS-SECTIONAL VIEW OF THE REPAIRED FINITE ELEMENT MESH.

FIG 3b): PERSPECTIVE VIEW OF THE REPAIRED FINITE ELEMENT MESH.
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FIG 4: NODAL POSITIONS AROUND CRACK FRONT.



FIG 5a): UNREPAIRED STRUCTURAL DEFORMATIONS, SIDE ViEW

FIG 5b): UNREPAIRED STRUCTURAL DEFORMATIONS, PERSPECTIVE VIEW.
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Crack front I

FIG 6a): REPAIRED STRUCTURAL DEFORMATIONS, SIDE VIEW.

FIG 6b): REPAIRED STRUCTURAL DEFORMATIONS, PERSPECTIVE VIEW.
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FIG 8: EXPERIMENTAL TEST SPECIMENS, SMALL AND LARGE COUPONS.



FIG 9: IMPACT TEST RIG.
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FIG 11: TYPICAL C-SCAN OF AN IMPACTED AND DRILLED TEST
SPECIMEN.
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FIG 14: PLAN AND SIDE VIEW OF ANTI-BUCKLING RIG.
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FIG 15: PERSPECTIVE VIEW OF ANTI-BUCKUNG RIG.
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FIG 18: TYPICAL DAMAGE OF AN UNREPAIRED SPECIMEN.



FIG 19: TYPICAL DAMAGE OF A REPAIRED SPECIMEN.
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